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Abstract

Energetic atomsvhich havebeen knockeaff their lattice sites by neutron or ion
irradiationleave atrail of vacanciesaand interstitials in theiwake. Most of these defects
recombine with theipppositeswithin their owncollision cascade. Sonfeaction, however,
escape to become freely migrating defed1D) in the bulk of the material. The
interaction of FMD with the microstructurehas longbeen linked to changes in the
macroscopic properties of materials under irradiation.céleulate the fraction dfFMD in
pure vanadiumfor a wide range of temperatures and primakgpock-on atom (PKA)
energies. The collision cascade database is obtdnoed molecular dynamic§MD)
simulations with an embedded atom method (EAM) potential.athe&lFMD calculation
is carried out by a kinetic Monte Carlo (kMC) code with a set of parameters ext#ahtd
from the experimental literature or from MD simulations. We takedifferent approaches
to the problem and compare them. Tinst consists of andealized simulatiorfor single
cascades. Annealingach cascade at different temperatures allows the mgbdeies to

escape and accourfor FMD. The second analyzes bulkliffusion and damage



accumulation in a specimen irradiated &bva doserate in the presence of impurities, in
order tomimic experimentatonditions. Atthe temperature studied, beginning of stage V,
we observe thabnly vacancies ar&éee tomovewhereas most interstitiaksre stopped by
impurities. The fraction oFMD obtained is11% for high purityvanadium, which is in
good agreement with thdigures reported inliterature. We alscanalyze the role of

impurities in damage accumulation.

Introduction

Vanadium-based alloys are of great technological importéoceuture fusion
reactors [1].Their low activation in a 14 Me\heutronenvironment make them the ideal
candidategor the structuramaterial of the reactdirst wall. Thus it isimperative that we
fully understandhe production and accumulation of radiation damage in these alloys. We
present a study afamage production and accumulationpure vanadium in &irst step
towards addressing this issue. .

Radiation damage production and accumulatiosalids can be divided into two
stages. In the production stage, the impingiagicle gradually givesff its kinetic energy
to the atoms of the lattice in the form of energetic recoils. These recoils deposit their energy
in the lattice by generating secondary and higinder recoilghatresult in a displacement
collision cascade. The outcome of this stage, of the time scale of ps, is a population of point
or clustered defects known as the primary state of damage. sedbadstage, which can
extend over seconds, defects that survive recombination within their nascent caigcaite
over long distances, interactingith the microstructure. These freely migrating defects
(FMD) areresponsible fothe changes in the macroscopic properties of metadter
irradiation, such as void swelling, embrittlement, radiation enhanced diffusion, etc.

Computer simulation effortsavebeen conducted in aattempt to model the two

stages ofradiation damage. Molecular dynami@dD) simulations studies usingnany-



body potentials of the embedded atom method (EAM) ty@ee proven to bevery
successful in the description of the first stagdarhage production [2,3]. The modeling of
the second stagdnas historically been undertaken by rateeory [4-6]. However, the
application of kineticMonte Carlo(kMC) simulations to diffusion processdg,8] is
starting to gairacceptanceamong the radiation damage community. The ns&iangth of
kMC stems from the fact that the highly inhomogeneous natutfeecdpatial andemporal
damage distribution can be easily incorporated and treated. Moréeateres such as one-
dimensional migration of small interstitiglusterscan also betreated within the same
model.

One quantity of fundamental interest for understanding radiation effestdids is
the fraction of FMD. This fraction hdseen obtained by different experimental methods in
the literature. The maiapproach haveen to analyzehanges in macroscopic properties
believed todepend on th&MD population and to interpret these changes in termatef
equations. Measurements of radiation-enhanciffusion [9-13], radiation-induced
segregation [14-16], dislocation pinning [17], swelling rates [18], ordering fa8&¢sand
electrical resistivity[20] have beenused duringthe past twenty years toestimatethis
fraction.

We present a calculation of the fractionFdfID in vanadium obtained bgoupling
MD with KMC simulations. We compare our resuligh the experimental dat@ported in
the literature. We carry out two kinds of calculation. In the first, a single cascade is annealed
at various temperatures. Thigpresentsthe dilute upper limit of the FMD fraction
corresponding tovery low dose irradiation conditions.The second is a simulation of
damage accumulation at a fixetbse rate and temperaturewith varying impurity
concentrationFor the sake of argumenthe impuritieswill be considered to be traps of
infinite strengthfor interstitials and transparent vacancies. The role of impuritiegll be

analyzed in terms of FMD population and damage accumulation behavior.



Cascade simulations and defect production

We simulate the primary state of damage by MD simulationgrdier toobtain
reliable statistics a significant number of cascduiesto be produced f@achenergy. The
details of these simulations are shown in table 1. All MD simulati@re performed using
the MDCASK code either in itparallel or serial versionAll the collision cascadesere
simulated at room temperaty®80 K). Sincelittle influence of the irradiation temperature
on defect productiohas been observe{R,21,22], the defectonfigurations so generated
wereusedalong the entire temperature range investigatetkNd¢. The temperature was
controlled by connecting the MD box to a thermal bath applying Langevin dyngt8ict®
the twoouter layers of atoms. Thaomic interactionsveredescribed by thdohnson and
Oh EAM potential[24]. The short range interaction part wasmoothly splined to the
universal potential of Biersack a&iegler [25]. Previous studiesvith this potential have
accurately reproduced the melting point and the displacement threshold energies [26].

Due tothe opencharacter of the bcc structure, channeling occurredast of the
high energy cascades. Simulationswhich channelingcaused a cascade twoss the
boundaries of the simulation bevere eliminatedOnly three of the 2keV cascadesvere
completed out of more than ten started. The simulations were continued until the number of
defects reached a stable population. High melting point of vanadiumconfines the
thermal spike associated with the cascade to a small rikgibcools down quickly. Figure
1 shows the configuration of the damage produced by a 10 keV recoil aftsr Ttge light
points correspond taelf-interstitial atoms and thdark ones tovacancies. Although
vacancies occupy the central part &ids the periphery, the trend is not so obvious as in
fcc metals. The defects aspreadover thesimulationbox mostly aspoint defectsOnly
small interstitial and vacancy clusters are formed during this stage.

An important result of these simulations is the low interstitial\aw@dncyclustering

observed. We consider defect cluster to be angroup of defects in which each of its



membershas atleast one of the other elements of the cluster finsa nearest neighbor
position. Figure 2 showthe interstitial cluster distribution as a function of recoil energy
and cluster size. The largest cluster obtained wasuniitZ in a 2keV cascade. Except for
this cluster, noclusters greater thanv8ereobserved in cascadéslow 10 keV.This low
clustering is in good agreement with previous MD simulations in bcc metals [21,22,26-28].

Another result of these simulations is the effectiveness ofthtienal spike in
repairingdamage, ircontrast to the predictions of a purely ballistic md@8l]. Figure 3
depicts the efficiency of the ballistiNRT model to describe damag®woduction. The
collisional models break down at high energies becausiedbcal melting of the material
[30,31] and the damage production saturates at high energies due to subcascade formation.
The efficiencyvalue obtained at high energy recoils 26%, in good agreementwith

previous work in bcc [21,22,27,28].

Kinetic Monte Carlo simulations

In order to extendhe timescale of the simulation we couple the MD output to a
kMC code.The kKMC simulationswere performedwith the BigMac codewritten by Mark
Johnson atLNL. The details of its operation are described elsewh@gd. The input
neededor the code is the primary state of damage obtaired MD, the diffusivities of
the single and clusteratkfects,and the binding energies of the defekisters.The input
parameters of the model asbown intable 2. All vacancy clustersare assumed to be
immobile. The binding energy eacancyclusterswas computed byID. The formation
energy of different cluster configurations was calculated up to size 6 minimizing the energy
by a quasi-newton methd@3]. A fit of this curve was made to determine thmding
energy as a function of cluster sioe larger clustersThe mainassumptionwas that the
most stable configuration of largecancyclusters is purely spherical. Although in pure

metals a voidwill collapse to form a faulted dislocatidoop, the presence ofelium



stabilizes spherical voids. Therefore #ssumption should hold faranadium, a material
with high impurity content and in laelium producingenvironmentThus another point of
the curvecould be computedor a better fit at largesizes. Oneperfectly sphericalvoid
containing more thari00 atoms was relaxed and its formation enemgculated. As
expected under this assumption, the best fit of the formation energy as a function of cluster
size is close to a power of (2/3).

The interstitial cluster diffusivities and binding energies #@se calculated by
Naoki Soneda for irowith the Johnson&Ohpotential [26]. Iron andvanadium have a
number of important similarities: the same type of lattice and proximity in the periodic table.
Moreover, within the context dhese calculations botimetals are described by the same
type of interatomic potential. This factor in particular led us to presume that a dstadgd
of cluster binding energies and cluster diffusivities vanadium would yield similar
numbers to those of iron. Single-interstitials amdrstitial clusters of sizes up to Bere
allowed to migrate three-dimensionally. Interstithlsters of sizebetween 4and 19were
constrained to one-dimensional migration (glissile) and larger clusenesconsidered to

be sessile.

Freely migrating defects from single cascades

FMD arethose defectthat escape recombination within theallision cascade. In
such a case, the outgoing flux of defects through a spherical surface centeeedastade
and of sufficient radiusvill accountfor thosedefects that ardighly unlikely to undergo
recombination. Obviously this definition isensitive to theradius of the sphere, the
simulationtime and the temperature. Inraal irradiation experiment cascade overlapping
occurs, so it is reasonable to set a simulaiioe slightly lower than thdime for cascade
overlapping for a given dose rate. Since the simulation time is fixed lnp#derate and the

temperature is another physicaagnitude, th@nly parameter obur model that can affect



the FMD so calculated is thesphere radius. Due tthe details of thekMC code, the
simulation box is cubic. We compute the fraction of FMD as a function of temperature and
recoil energy and analyze the sensitivity of the model to the kMC box size.

The simulation details are as follows. We anneal the primary stattarofge
obtained in each of the cascades of our database in a kMC box of 100 niaastigef the
defects thateavethe box are flagged as=MD and removedfrom the simulation. The
simulation time is set to 1000 s which is equivalent to a dose raté sfcaf?in a 100 nm
box. In order to improve the statistical validity of the simulation, the calculation was repeated
for 100 different random number sequendes each cascade. The samecedure was
followed over the temperature range from 150 K%® K. The fraction of freely migrating
interstitials is displayed in figure 4 as a function of annealing temperatufekahenergy
and the fraction of freely migratingacancies irfigure 5. Thevaluesshownare averaged
over all the cascades available for each recoil energy.

As was shown in the previous section, the largest interstitial cfosted is ofsize
7, which is still mobileunder our assumptiofhe high mobility of these clustersauses
them all to leave the box over the entire range of temperatwestigated, aseen in figure
4. Another interesting feature of this simulation is the correldteiween recoienergy and
escape ratio. The higher tRKA energy, the more defects produced, therefore the higher
the probability for those defects to recombine and tHewer the escape ratiolhis
observation is in contrast to similar work on other metalsvivich the opposite or no
dependence were seen [34]. The type of lattice may play an important role in this difference.
In the referenced study, thmeaterial analyzed was gold, an fcc metal. In fcc metals big
dislocation loops are formed after the collision cascade andati@mcyrich core is clearly
separated from the interstitials in the periphery.

The picture is considerably differefar vacancies ashown in figure 5The low
diffusivity of the singlevacancymeans its motion is not noticeable until temperatures of

about270 K, which is 100 degreesbove the experimental temperaturestafgelll in this



metal [35]. Stagelll temperature is determined by the migration energy of the single
vacancy. Unfortunately, theéhigh impurity content of vanadium reflects in wide
disagreementsver the experimentaémperatures of the annealistages.Moreover, the
annealing stages are more tied to impurity migration phenomena thkacatocy migration
[36]. These factors led us to use the migration eneapulated byBacon et al[37] in the
input parameters. Its value of 0.7 eV seems lik@ad compromisegiven thatexperiments
reportvaluesfrom 0.5 eV to 1.2 eV [35]Therefore, thelO0 degree shift of stagil is a
direct consequence olur vacancymigration energy choicd-or low energy recoilghat is
the only feature of the curve due to the absence of immadikncyclusters. At high PKA
energies onlythe singlevacancies havescaped after stagk has been reachedyut small
vacancy clusters still remain in the box. Only when the temperature is high enough for those
clusters to break up arghit single vacancies can all thdefects escape theox. This
happens in stage Wyhich occurs atthe second stedocated at550K in the curves
corresponding to the 5keV, 10keV and 29/ recoils. Onceagain,this temperature is 100
degrees above the experimental one [36].

The main conclusion of this studytisat noproduction bias ofacanciesoccurs at
any of the temperatures simulated. The fraction of FMD obtained for 20 keV recoils is 17%
after normalizing by the NRT model. This number is in the darmeeof previous computer
simulations of metals [28,34,38].

The sensitivity of the FMD to thkMC box size wasstudied.The same simulation
was performed for one of the 20keV cascades, varying the edge of the simagdativam
50 nm to 200 nm. Nappreciable difference in the numberFID wasfound. The only
difference observed was at the stHgdransition temperature. In that temperatregime,
the motion of single-vacancies is extremiw and thebox size may slightlyshift the
transition temperature. Some slowhoving vacanciegscaped fronthe smallboxeswhile

they did not have enough time in the big ones. This effect is completely negligible.



Damage accumulation

The simulation of the previous section is purely ideal and no experiment exeuld
measure that FMD concentration. The interactionexfly produced point defectsith the
damage from previous cascades will dramatically lower that figure. In an atteogitiiate
the fraction of FMD in a more realisticfashion we performthe following damage
accumulation simulation:

- Dose rate of I6dpa/s in a kMC box of 200 nm edge.

- Periodic boundary conditions along the three coordinate axes.

- Flat recoil spectrum of 2@eV. The fraction ofFMD represented by is

calculated as follows:

NFMD

(1)

rI =
NRT

The fraction ofFMD so calculated is independent of receihergy once the NRT
model efficiency is constanEigure 3 showshat the efficiency is alreadgonstant at 20
keV. Therefore, the results are directly comparable to experiments of neutieavgions
irradiation.

- Temperature of 650Kyell abovethe transition temperatuer stage Vwhere
vacancies clusters become unstable.

- Two sphericalsinks with a captureradius of 1.5nm, both for interstitial and
vacanciesThese long rangsinks play a role similar to that adislocations. Assuming an
effectivelengthfor the dislocation of therder ofthe KMC box the dislocation density is
510 dis/cnf.

- Presence of interstitial traps.



The traps can be likened to generic impurities. They are immobile, wdpcbduces
a stable population of impurities once steady-state is reached. They are transparent to
vacancies but form a tightly bound complex with single-interstitials. In other words, they are
sinks ofinfinite strengthfor single-interstitials. Oncéhe impurity-interstitial complex is
formed, the arrival of newnterstitials can make it grout it will always remain infinitely
bound. The only way such complexes can shrink is by the arrival of diffusing vacancies.

In a simulation of this sorthe number ofFMD equals the number ahobile
speciesimmediatelybefore the introduction of aew collision cascade andubsequent
defect overlap. The population of mobile species will drop noticeably after seascaldes.
More defectswill be availablefor recombination and a steady count F¥ID will be
reached. The fraction ¢fiMD will be this steady-statealue overthe number of defects
produced by the recoil energy analyzed according to the NRT model.

The absence of detrapping will have a negligible effect on the fractiBiMBf. On
the otherhand,its influence on the damage accumulatiifh not allow us to establish
guantitative comparisonswith experiments. The no-detrapping featwspeeds up the
simulation driving thesystem towardshe saturation of the damagelatv doses.Despite
this mismatchbetween damagand dosegqualitative conclusionscan be drawn since the
overall trend is preserved.

We repeat the calculation fewo different impurity concentrations: 5 ppm and 100
ppm. In this way we can single out the role of impuriieth onthe fraction ofFMD and
on the damage accumulation. The simulation with 5 ppm is clearly neyaresentative of a
high purity sample used by experimentalists.

Figures 6 and 7 shoWwow the damage accumulatiogcurs in both simulations.
Damage saturation is quickly reached at abotitdia in thehigh purity caseThe cluster
density in the 100 ppm case keeps increasing linearly at the same dose. These curves are not

guantitatively comparable to experimenst only forthe lack of detrapping previously
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mentioned,but also due tdhe small size of thelusters inthe simulation. Aswill be
explained later, none of the clusters in the simulation should be visible in the microscope.
The different behavior of the two simulations is easy to explain in terms of occupied
trapping sites and free defects available. Only whewdkmajority of the interstitiatraps
have captured at least onaterstitial, cancluster growth be expected. Once tliap
saturation is reached the cluster density growth drops departing from linear behavior and the
growth of the already existingusters takeplace. Evidently, inthe high purity case, the
lower concentration of tragites and consequent faster saturationth@m leads to a
saturation of the damage faster than inltdve purity case. The number of trates not
only affectsthe damage accumulation behaviout alsothe number of freely migrating
defects.Most of the cascad@roduced interstitialsare promptly captured by impurities
leaving a population of freely migrating interstitials close to zero. In amase, the
dependence of this rather small number of freely migrating interstitiatheonumber of
traps is beyondill doubt. The trap concentratioplays its role orthe number of freely
migrating vacanciegslso. Although trapping siteare transparent twacanciessaturated
traps are an effective sink for them. This dependensbagn in figures 8 and 9. As seen
in figure 8, theaverage of th@opulation of singleacancies in thenstant before the next
recoil entrance is 20 in the case of 5 ppm of impurities. avesage i©btained onlyover
the points of the curve with a steady population of free vacancies. Normalizing by the NRT
collisional model we obtain a fraction of freely migratvecancies ofLl1%. Inthe low
purity case of figure 9, the number of freely migratuagancies is £.2% ofthe defects
predicted by th&NRT model. These numbegme in line withprevious experimental and
computer simulation results and display the strong dependence of the fradiisiboand
the concentration of impurities[13,28,34,38]. Due to the greater effectivenesstiaptheat
capturing interstitials, the fraction of freely migrating interstitials is much lower than the
fraction of freely migratingyacanciedor the twoimpurity concentrations. In the case of 5

ppm, thefraction of freely migrating interstitials is 1% arfdr 100 ppm analmost
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negligible 0.07%. Very likely, the presence ofvacancytraps would sway thesdigures
towards more balancedumbers both forfreely migrating vacanciesand interstitials.
Nonetheless, the imbalance of the two populations of FMD shwvsfluence of the type
of impurity on the fraction of FMD.

Figures 10 and 11 show the cluster size distribution functibmoatlifferent doses
for the 5 ppm case. At £@Ipa, a clear change in the shape ofditee isobserved. A shift
toward higher cluster sizes is shown in figure Sihce TEM resolution is of therder of
nanometers, only clusteoser size 40 are visible. Since the largektstersare of size 27,
none of the clusters in our simulation wouldvigble in the microscope, gwinted out in
the beginning of this section. In the case of the simulatitn100 ppm, since at 18 dpa
the damage accumulation is still in the lineagime, nocluster growthhas occurred. The
distribution function is not displayed in thisse,because no significant changes in the

form of the curve can be seen in the dose range analyzed.

Conclusions

We present aextensivestudy ofdamage accumulation coupling MD to simulate
damage production ankiMC to reproduce damage evolution. The collision cascades
showed the expected low clustering behavior of bcc métalsever,the defect production
obtained is lower than in thekeV cascades a@OK reported by Morishita adl. [26]. The
production of self-interstitial atoms (SIA) drops dramatically from 18 at 10K to 12 at 300K,
which implies a33% decrease. Still , this is a small differerfoe such alarge range in
temperatures investigateaihd is therefore irgood agreement with theno-temperature-
dependence of damage production.

We calculate the fraction ¢fiMD by two different approaches and compare both
results. The first one iscomparable to an infinitely smatloserate in a perfectlypure

material. Thesecond one consists thfe simulation ofow doserate irradiationconditions
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in two different materials: one dfigh and another ofow purity. The main difference
detected is the imbalance in the number of freely migrating interstitials and freely migrating
vacancies in the twoaseswith impurities. This disproportion ithe result of the biased
nature of the trappingites.Therefore, differentypes ofimbalances can be expected for
different kinds of impurities. The absence of impurigesnsout thisimbalance aseen in
the single-cascade simulation. There ist@ng correlation between the impurity content
and the fraction of FMD. For vacancies, this fraction is 17% in the pure case, drops down to
11% for only 5 ppm ofnterstitial-trapping impurities and decrease#@% for 100 ppm.
We believethe damage accumulation simulation is thest valid method to compute the
fraction of FMD.

We also analyze the role of impurities in the damage accumufat@ess. Irspite
of the impossibility of establishing direct comparisavith experiments, qualitative
conclusions can be drawn. The existence of impurities clearly increasksstheequired to
achievethe saturation of the damagehis saturation is reached in a statenich defect
production and recombination are perfectly balanced. Umist of the trappingsites are
taken, the trapping contribution is too high to allow equilibrium. Thus, the higher the content
of impurities, the later the material will reach the steady state of damage.

In order to get a deeper insight into these phenomena and to repeagedenental
conditions in a more realistic manner, work is underway to include the effect of detrapping,

real impurities and alloying elements.
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Figures

Figure 1. State of damage generated by a 10 keV PK208K. The light points represent

self-interstitial atoms and theark onesvacancies. The defegiopulation is stable 15 ps

after the PKA entrance. No clusters larger than size 4 are formed.
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Figure 2. Average number of interstitial clusters as a function of size and PKA energy. The

low clustering tendency is the same for vacancy clusters (Not shown in figure).

Figure 3. Efficiency of the NRT model as a function of PKA energlge smalldrop from

5 keV (34%) to 20 keV (26%) indicates that the NRT efficiency is close to saturation.

Figure 4. Escape ratio of interstitials as a function of recoil energy and annealing
temperature. Mobile interstitiglustersarealso included irthe escape ratio. Obserteat

the escape ratio decreases when the recoil energy increases.

Figure 5. Escape ratio of vacancies as fanction of recoil energy and annealing
temperature. The second step corresponding to stage V startsisthleeatPKA energies

of more than 1 keV.

Figure 6. Interstitial and vacancy cluster density as a function of doseaf@dium with 5
ppm impurity contentAll the interstitialclusters representeate trapped at the impurities.

The number of free interstitial clusters is negligible.
Figure 7. Interstitial andvacancycluster density as a function dbse forvanadiumwith
100 ppmimpurity content. The damagdeas notsaturated at 1Ddpa because natl the

trapping sites have been taken.

Figure 8. Number of freely migrating vacancies as a function of dosedoeadium with 5

ppm impurity content. The average number is 20.

Figure 9. Number of freely migrating vacancies as a function of the dose for vanadliom

100 ppm impurity content. The average number is 4 vacancies.
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Figure 10. Cluster size distribution at T@pa in vanadium with 5 ppm impurity content.

Figure 11. Cluster size distribution at £adpa invanadium with Sopm impurity content.

Cluster growth has taken place after the trapping sites have been saturated.
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Table 1. Computational box size and number of simulations for each recoil energy.

“Energy (eV) Box size (lat units) no. of atoms no. of cascades
20000 80x80x80 1024000 3
10000 50x50x50 250000 6
5000 45x45x45 182250 4
2000 45x45x45 182250 7
1000 30x30x30 54000 9
500 25x25x25 31250 15
200 25x25x25 31250 15
100 25x25x25 31250 15
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Table 2: Input diffusivities for kMC and reference.

D(cm’/s) E.(eV) Reference

| T.0e-03 0.03 [28]
2 7.56-05 0.067 28
13-119 _ 1.4e-04 0.17 28]
V 1.0e-03 0.7 37]
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Figure 1
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Figure 2.
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Figure 3.
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